Empirical evidence is mounting to suggesting that genetic correlations between life-history traits are environment specific. However, detailed knowledge about the loci underlying genetic correlations in different environments is scant. Here, we studied the influence of temperature (121C and 241C) on the genetic correlations between egg size, egg number and body mass in the nematode Caenorhabditis elegans. We used a quantitative trait loci (QTL) approach based on a genetic map with evenly spaced single nucleotide polymorphism markers in an N2 Â CB4856 recombinant inbred panel. Significant genetic correlations between various traits were found at both temperatures. We detected pleiotropic or closely linked QTL, which supported the negative correlation between egg size and egg number at 121C, the positive correlation across temperatures for body mass, and the positive correlation between body mass and egg size at 121C. The results indicate that specific loci control the covariation in these life-history traits and the locus control is prone to environmental conditions.
Introduction
Over the last decades there has been an increased awareness that environmental conditions can influence the genetic control of life-history traits. Empirical evidence is mounting up suggesting that genetic correlations, those correlations that arise because genes affect multiple traits, are environment specific. It has been shown that these correlations can even switch signs (positive vs negative) across environments (Sgrò and Hoffmann, 2004) . For instance Czesak and Fox (2003) found that the sign of the genetic correlation between egg size and female body mass in the seed beetle Stator limbatus depended on the type of food consumed. Hausmann et al. (2005) studied the influence of water deficit on the genetic correlation among life-history traits in Arabidopsis thaliana. Early-flowering plants produced more fruits in well-watered treatments, whereas no such correlation existed under water-limited conditions. They also reported that the genetic correlations of fruit number with branch number and flowering time were not symmetric. Fruit number in the wet environment was positively correlated with number of branches in the dry environment and negatively correlated with flowering time in the dry environment, whereas fruit number in the dry environment was not correlated with either trait in the wet environment (Hausmann et al., 2005) .
If genetic correlations between life-history traits depend on environmental conditions, then this has major implications for the evolutionary trajectories of these traits, especially in the case where genetic correlations are negative and reflect trade-offs between traits. Tradeoffs between life-history traits have been a well studied subject in evolutionary biology (Stearns, 1992; Roff, 2000) . In particular the trade-off between egg size and number which results from genetic constraints (Winkler and Wallin, 1987; Roff, 2000) has been well documented (Fox, 1997; Vaughton and Ramsey, 1998) .
Negative genetic correlations suggest the existence of loci with pleiotropic or closely linked effects. For example, senescence has been explained as the antagonistic pleiotropic effect of genes that are beneficial early in life but deleterious later in life (Williams, 1957) . Evidence that such genes indeed exist has come from the field of molecular genetics. In the nematode Caenorhabditis elegans specific mutations in the genes daf-2 (Gems et al., 1998) or clk-1 (Hekimi et al., 1998) increase lifespan by a factor of two while simultaneously decreasing fecundity by an equal factor. On the other hand, Kenyon et al. (1993) showed than another daf-2 mutation decoupled reproduction from lifespan. It should be realized however that artificial mutations with a large effect, both on monogenic as polygenic traits, are rare in nature. As pointed out by Knight et al. (2001) , these mutations do not necessarily reveal information on the segregating alleles that are selected for during evolution and that contribute to fitness in natural populations.
Instead, such alleles could be identified using quantitative trait loci (QTL) mapping. This approach has been used to unravel the genetic basis of genetically correlated traits in various species. Hausmann et al. (2005) reported that the negative genetic correlations in A. thaliana, both between fruit length and fruit production and between flowering time and branch production, were corroborated by pleiotropic or closely linked QTL. Juenger et al. (2005) also used a QTL mapping approach for studying the genetic basis of correlated floral and leaf morphology traits in A. thaliana. They found large positive genetic correlations among flower and leaf traits that were supported by linked QTL.
The nematode C. elegans is an important model for genetic mapping of life-history traits because of its ease of handling and observation, short generation time, and completely sequenced genome. Shook and Johnson (1999) studied QTL affecting survival and fertilityrelated traits and found genotype-environment interactions and pleiotropy for a number of traits. Ayyadevara et al. (2003) studied the genetic loci modulating fitness and life span in C. elegans. Allelic longevity effects for two QTL, on chromosomes IV and V, were confirmed in backcrossed congenic lines and were highly significant in two very different environments -growth on solid agar medium and in liquid suspension culture. Yet, only one study by Knight et al. (2001) has focused on the correlations (within one environment) and trade-offs between life-history traits (egg number and body mass). They found that a QTL for egg number colocalized with the body mass QTLs on chromosome IV suggesting pleiotropic or closely linked effects.
Over the last decade C. elegans has become a model system for studying gene-environment interactions such as behavioral responses to food density, chemotaxis and thermotaxis using mutational mapping approaches. A few phenotypic studies showed that various traits were strongly influenced by temperature change (Byerly et al., 1976; Van Voorhies, 1996) and suggested a correlation between body mass, egg number and egg size.
Here, we studied the genetic control of these lifehistory traits at two different temperatures using QTL mapping in C. elegans recombinant inbred lines (RILs). We have exposed the RILs to 121C and 241C, temperatures that strongly affect egg size and number. We first sought to determine the effect of temperature on genetic correlations between egg size, egg number and body mass. We then aimed at determining the genomic regions associated with these correlations (at 121C and 241C). The existence of colocalizing QTL within temperatures might suggest pleiotropic effects or close linkage. Colocalizing QTL across temperatures would suggest a similar genetic control of traits under different temperature conditions.
Materials and methods
Nematode culturing, construction of RILs and description of the genetic map Both N2 and CB4856 parental strains were homozygous. These strains were grown in 9-cm Petri-dishes at 151C or 201C on standard nematode growth medium with Escherichia coli strain OP50 as food source (Lewis and Fleming, 1995) , and transferred to new dishes by a chunk of agar once a week. RILs (see Li et al. (2006) ) were constructed by putting on each of ten 6 cm dishes, one J4 hermaphrodite of strain N2 with five males of strain CB4856, and vice versa on each of 10 other 6 cm dishes to avoid any maternal or paternal effects. Mating was considered to be successful if the ratio of males:hermaphrodites was approximately 1:1 in the F1 hybrids. Approximately 1500 F1 hermaphrodites were transferred to individual dishes in 24-well plates and allowed to selffertilize at 201C. This procedure was repeated until the F20.
After inbreeding, RILs were stored at À801C using standard protocols (Lewis and Fleming, 1995) before being used in experiments. Using the C. elegans SNP website (http://genome.wustl.edu/projects/celegans/ index.php?snp ¼ 1) we selected 20 markers for chromosomes I, II, III, IV and X, and 21 for chromosome V (because of its larger physical size). QTL mapping was based on a genome wide single nucleotide polymorphism (SNP) map consisting of the 121 markers. The average distance between two markers was 835 kbp or 2.38 cM with a genome-wide coverage of 95.9% if measured in bp or 95.3% if measured in cM. Details on the RILs can be found in Li et al. (2006) .
Phenotypic analysis of parents and RILs
Before being used in experiments, parents and RILs were cultured at 151C for at least 4 weeks after recovery from À801C storage. Each parental strain and the 80 RILs were analyzed for egg size, egg number and body mass at 121C and 241C as described below. All experiments were carried out in two Elbanton climate chambers (Elbanton, NL, USA). One chamber was set at 121C, the other at 241C. Temperature was monitored with a Tinytag Transit temperature logger (Gemini Data Loggers, UK). The following procedure was used, following Gutteling et al. (2007) .
Egg number and egg size: RILs were synchronized by bleaching (Emmons et al., 1979) . Bleached eggs from each RIL were divided over four Petri-dishes of which two were put at 121C and two at 241C. From each temperature, 14 L4 juveniles from each RIL were randomly chosen from the two dishes and individually transferred to separate dishes and subsequently allowed to mature at 241C or 121C. After maturation adults were transferred daily (241C) or every four days (121C) (because C. elegans develops and reproduces faster at high temperatures and therefore food will be depleted sooner at 241C than at 121C) to new dishes until the worms stopped laying eggs. Egg number was recorded as total number of eggs produced by a single worm.
Pictures were taken from the eggs with a CoolSnap camera (Roper Scientific Photometrics, Tucson, AZ, USA) at Â 43.75 magnification. The area and perimeter of each egg were measured automatically with Image Pro Express 4.0 (Media Cybernetics, Silver Spring, MD, USA). Using a measurement ocular, we calibrated 10.000 pixels 3 as 7591 mm
3
. Using an estimated radius r (in pixels) for each egg, we calculated the volume V EGG with the volume sphere function:
In subsequent analyses V EGG was used as input value for egg size.
Body mass: Body mass was defined as the body mass at maturation. RILs were synchronized by 2.5 h of egg
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laying by four gravid adults. For each replicate 12 juvenile nematodes were individually transferred at room temperature to separate 3 cm Petri-dishes. After transferring all worms in one replicate experiment dishes were randomized within the replicate and returned to the appropriate temperature. Analyzing individuals for maturation started after 38 h for 241C and after 145 h for 121C. Dishes were analyzed at intervals of 1.5 h for 241C and 4 h for 121C. Maturation was defined as the first moment at which one or more laid eggs were visually observed on a dish. If so, the time of observation was registered and the dish was put at À201C to prevent further development of the nematode. Dishes were defrosted and dead bodies were transferred to new dishes with agar to prevent dehydration of the body. A pilot study (data not shown) had shown that freezing did not affect body size. Digital pictures were taken of the bodies at Â 7.25 magnification. Using a measurement ocular we calibrated 10.000 pixels 3 as 753.516 mm
3
. Area (A, pixels 2 ) and perimeter (P, pixels) of each worm were measured digitally (see above for hardware used). Assuming that the body of a nematode resembles a cylinder these values were converted to the volume V SZM using the function:
In subsequent analyses V SZM was used as input value for body mass.
Statistics and computations
All data were tested for normality using a one-sample Kolmogorov-Smirnov test. The effect of temperature on egg number, egg size and body mass for the parents were anlaysed with a t-test and one-way ANOVA. For both temperatures mean values of body mass, egg number and egg size were computed for each RIL to be used in QTL analysis. Only mean trait values based on data of more than nine individuals were used. The influence of temperature, RIL and their interaction were tested using PROC GLM (SAS, 2003) . Broad-sense heritabilities (H 2 ) and s.e. were computed according to Phillips and Arnold (1999) . Variances in the traits were calculated from variance components using the restricted maximum likelihood method (SAS PROC VARCOMP) (SAS, 2003) . Genetic correlations between traits i and j were estimated as cov(i, j)/s i s j , where cov(i, j) is the covariance among RILs means for i and j, and s i and s j are the s.d. of these traits. The significance of the correlation within each temperature was determined using a t-test after a z-transformation of the correlation coefficients (Sokal and Rohlf, 1995) . Test of homogeneity between correlation coefficients (r) and the comparison between the slopes (b) in two environments were performed with t statistic according to Sokal and Rohlf (1995) .
QTL mapping QTL mapping was performed with QTL Cartographer (Wang et al., 2001) . We first analyzed all traits by interval mapping (IM) to detect any strong QTL. Subsequently we analyzed the data by composite interval mapping (CIM) assuming multilocus control of the trait. Settings during the analyses for both analyses were default (walk speed 2 cM, model number 6, 5 background parameters, window size 10 cM, and automatic selection of the background parameters). The experiment-wise threshold significance level for each trait was determined by performing 10 000 permutations on the data (Churchill and Doerge, 1994) . 95% confidence intervals for QTL were calculated according to Dupuis and Siegmund (1999) .
The significance of pairwise epistatic interactions between QTL was evaluated by mixed linear modeling approach (Wang et al., 1999) . The genotype of each marker closest to each significant QTL peak was used to assess the significance on the following interactions: egg size Â number, egg number Â body mass, egg size Â body mass. Although weak interactions were found for only a few marker pairs, they did not include the main-effect QTLs detected by composite interval mapping at P ¼ 0.05. Table 1 shows the phenotypic values and quantitative genetic parameters for egg size and number and body mass for parental and RILs in C. elegans at 121C and 241C. Egg number in strain N2 was significantly higher at 121C than at 241C (t-test, P ¼ 0.003) while there was no difference in egg number in CB4856 between these temperatures. With regard to egg size, the parental strains response was significantly different. Egg sizes from CB4856 decreased with 21.3% in size in response to higher temperatures while N2 egg sizes decreased only with 8.3% analysis of variance (ANOVA, p GxE o0.001, p E o0.001). With regard to body mass parental strains responded differently to the environment (ANOVA, significant effect of temperature, P ¼ 0.04). N2 grew larger at 121C than CB4856. At both temperatures N2 worms were significantly bigger than CB4856 individuals (ANOVA, significant effect of strain at Po0.001).
Results
Mean trait values were normally distributed (data not shown). Both temperature, RIL and their interaction significantly affected egg size and egg number (ANOVA, Po0.001). For body mass we also found significant effects of temperature, RIL and their interaction (Po0.001 for all effects).
Genetic correlations within and across temperatures
Within temperatures: At 121C we found a significant negative genetic correlation (Po0.05) between egg size and number (Table 2) suggesting that the production of more eggs comes at the expense of smaller eggs. Body mass tended to be correlated positively with egg size. At 241C, the correlation between egg size and number was not significant, instead we found a significant positive correlation between egg size and body mass.
Across temperatures: The genetic correlation across temperatures considers one trait measured in the two temperatures as two traits, and its magnitude signifies the degree to which the trait is under the same genetic control in each environment. We found significant positive correlations for egg size and body mass indicating a genetic dependence across temperatures. However, we did not detect a correlation for egg number, which suggests that the genetic control for this trait differs for the two temperatures. Body mass at 241C was positively correlated with egg size at 121C whereas body mass at 121C was positively correlated with egg number at 241C.
There was insufficient evidence to reject the null hypothesis of homogeneity of correlation coefficients and slopes between the temperatures for egg size vs number (t N ¼ 1.16, P ¼ 0.25 and t 151 ¼ 1.31, P ¼ 0.19; for r and b respectively). Similarly, neither egg size and body mass (t N ¼ 0.48, P ¼ 0.63 and t 151 ¼ 0.27, P ¼ 0.79, for r and b, respectively) nor egg number and body size (t N ¼ 0.40, P ¼ 0.69 and t 152 ¼ 0.36, P ¼ 0.72, for r and b, respectively) showed significant differences between temperatures.
To gain further insight into the genetic control of the significant correlations we conducted QTL analysis at both temperatures. We hypothesized that genetic correlations (which were all found to be all less than one) should be supported by the detection of pleiotropic or closely linked loci. Figure 1 shows the QTL patterns for egg size and number and body mass at 121C and 241C. QTL peaks that appeared after IM also appeared in the CIM analyses. Therefore, only the results of the CIM procedure are shown. Permutation-based threshold values for both traits were more or less equal at one temperature; consequently only one threshold is shown in each figure.
QTL analyses
We used at both temperatures the most conservative 95% threshold (i.e., the threshold with the highest value), matching 2.71 LOD at 241C and 2.78 LOD at 121C. The positions of the peak values for each QTL are shown in Table 3 . Also the individual significance of each QTL, the proportion of variance explained by the QTL, and the additive effect of the QTL (i.e., the effect of the allele of the N2 strain compared to the effect of the allele of the CB4856 strain) are shown in this table.
QTL supporting genetic correlations within temperatures
At 121C we detected QTL located on chromosome IV for egg size (peak at À21.28 cM) and egg number (peak at À9.96 cM). QTL for both traits had opposite effects, the additive effects were À3.64 for the QTL egg size and 11.38 for the QTL egg number , thus reflecting the negative genetic correlation between these traits. Although the peaks did not coincide at the same position, the confidence intervals of both QTL overlap and suggest a pleiotropic QTL according to Dupuis and Siegmund (1999) , yet the possibility of closely linked genes in linkage disequilibrium cannot be ruled out.
QTL supporting genetic correlations across temperatures QTL for body mass colocated on chromosome X for both temperatures (peaks at À8.16 cM). Both QTL had a positive effect which supports the positive genetic Genetic correlations in C. elegans EW Gutteling et al correlation found for this trait. QTL for egg number did not colocalize, a large QTL was found on chromosome IV and a small, just significant, QTL on V. This agrees with the fact that we did not find a correlation across temperatures for this trait. The QTL for body mass at 241C on chromosome IV (peak at À19.96 cM) overlapped with QTL for egg size at 121C (peak at 21, 28 cM) at chromosome IV. Both had negative effects which supports the positive correlation found between these traits across temperatures.
Discussion
We found significant genetic correlations between body mass, egg number and egg size at the two different temperatures. At 121C we found a negative genetic correlation between egg size and number and at 241C, we found a positive correlation between egg size and body mass. The effect of temperature on genetic correlation has been reported for a number of life-history traits in different species. Windig (1994) studied the effect of R 2 indicates the proportion of the among-strain variance explained by the QTL. Significance for LOD-scores (*Po0.05, **Po0.01, ***Po0.001) based on experiment-wise significance levels from 10,000 permutations. Absolute and relative effects as percentage of total s.d. of all RILs.
Genetic correlations in C. elegans EW Gutteling et al different temperatures on the genetic correlation between developmental time, pupal weight and wing patterns in the butterfly Bicyclus aninana. The significant negative genetic correlation between developmental time and wing pattern found at 281C changed to a positive correlation at 201C. Using selection experiments to study the effect of temperature on genetic correlations in Drosophila melanogaster, Norry and Loeschke (2002) also reported a reversal of genetic correlations between temperatures. These and our studies show that a significant correlation between traits at one temperature may not be detected at other temperatures. Therefore, evolutionary trajectories derived from genetic correlations depend on the ambient temperatures surrounding the organisms across generations (Sgrò and Hoffmann, 2004) .
The evolutionary outcomes depend on the underlying mechanism of the genetic correlation, which can be studied by QTL analysis. In some cases, we were able to detect genomic regions associated with these correlations. The QTL analyses supported the negative correlation between egg size and number at 121C. Colocalizing QTL for both traits had opposite effects, the additive effects were À3.64 for the QTL egg size and 11.38 for the QTL egg number . These results suggest that the negative genetic correlation between these traits could be due to antagonistic pleiotropy, which was environment specific because we did not detect it at 241C. Across temperatures, the QTL for body mass at 241C on chromosome IV overlapped with QTL for egg size at 121C. This pleiotropic or closely linked QTL had the same direction of effect in both temperatures, thus supporting the positive correlation found between these traits across temperatures. Also across temperatures we found a positive correlation for body mass, which was supported by colocalizing QTL.
Genetic correlations between two traits become apparent when they are influenced by the same genes, or sets of genes. By reducing the degree to which traits in two environments can evolve independently (Via and Lande, 1985) , such correlations may be important for the evolution of ecological specialization. Positive genetic correlations can accelerate the evolution of specific traits. Correlations between different traits in the same environment, or between the same trait in different environments, complicate the measurement of trait selection. In general, genetic correlations between traits due to pleiotropy can persist without selection, yet they can be shaped by natural selection acting on new mutations, which have variable effects on the correlation (Lande and Arnold, 1983) .
The detection of only few significant QTL for egg size and number may be attributed to the relative small number of RILs (80) or the existence of many small insignificant QTL rather than a few major QTLs. Comparison with other genetically mapped traits with similar or low heritabilities suggests that it is unlikely that there was low power to detect multiple QTL because of low heritabilities.
Genetic correlations can be due to pleiotropy (a single locus affecting multiple traits), close linkage (association between loci due to physical proximity), linkage desequilibrium (statistical associations between loci due to evolutionary forces), or to the relationship with other, unrecorded traits. The maintenance of genetic correlations requires the existence of pleiotropic effects or very close linkage of genes. We found that the two QTL for egg size and number co-localized at 121C and that the direction of the QTL effect were opposite thus supporting the negative genetic correlation. Colocalization of QTL may be the result of pleiotropy or close linkage. There are several ways to distinguish between these two alternatives. One is by statistical testing. For instance Lebreton et al. (1998) presented a nonparametric bootstrap method in which the RIL populations are multiply resampled and subsequent QTL CI values are used to evaluate the hypothesis of a single QTL affecting both traits. Another way to test for pleiotropy is by introgressing the genomic QTL region of interest into one genetic background. Measuring the focal trait would provide insight whether this region indeed affects that trait. This approach was adopted by Knight et al. (2001) for unraveling the underlying mechanism of a genetic tradeoff between body size and egg number in C. elegans. They found statistical evidence for a pleiotropic QTL, but this was not subsequently supported by the phenotypic measurements using introgression strains, since the existence of one QTL affecting both traits could not be detected. Instead they found more than one region affecting each trait separately. Another reason for their findings may be that undetected epistatic interactions had affected the QTL in the RILs. Once such a region were introgressed in isolation from these epistatic interacting loci, the phenotype would no longer be detected. However it should be realized that QTL mapping is limited to the detection of genomic regions affecting a trait and it is difficult to detect single loci (Hausmann et al., 2005) . A possible solution would be to use denser genetic maps allowing for fine-scale mapping, perhaps in combination with crossing experiments between selected introgression strains.
Negative correlations between egg size and number have been observed before for many species (Guisande et al., 1996; Christians, 2000; Brown et al., 2003) and can be explained as an optimization of both number and size of offspring in order to maximize fitness. However, Zera and Harshman (2001) highlighted the limitations of finding genetic correlations without an understanding of the pysiological mechanisms underlying the trade-off. A promising way forward may be to study potential pleiotropically acting genes at the mRNA level. For example, Bochdanovits and de Jong (2004) analyzed natural populations of Drosophila melanogaster for the molecular mechanisms underlying trade-offs. They analyzed pre-adult survival and adult body weight and detected 34 genes suggesting either a 'low weight, high survival' or 'high weight, low survival' trade-off on the expression level.
Mapping life-history traits in C. elegans has been performed before (Johnson and Hutchinson, 1993; Shook et al., 1996; Shook and Johnson, 1999; Knight et al., 2001) but, due to the type of markers used, these studies did not analyze the whole genome, accordingly reducing the power for detecting a (pleiotropic or closely linked) QTL. Besides, the inbred-panel approach suffers from low vitality because of deleterious effects of transposon markers (originating from the the parental strain BOBergerac) (Hodgkin and Doniach, 1997) , which might have obscured or biased the results due to selection for N2 genes. We used equally viable (Hodgkin and Doniach, 1997) strains for which a large number of SNP have been characterized genome-wide thus enabling a more complete molecular genetic analysis of the intercrossed strains.
Despite the fact that we found significant correlations, which were supported by QTL for each environment, we could not reject the hypothesis that correlations were different between environments based on parametric tests. In this study all analyses of genetic correlations were based on RIL means. An alternative method would involve estimation of genetic correlations from covariance components. Both approaches suffer from particular drawbacks (e.g. possible bias in the first method resulting from neglecting within-RIL variances (Astles et al., 2006) ). Therefore, we decided to perform additional analysis, in which we compared genetic variancecovariance matrices of the three investigated life-history traits between the temperatures. For that purpose we used Flury hierarchy approach (Flury, 1988) as implemented by Phillips for the purposes of quantitative genetics (Phillips and Arnold, 1999) . In this approach a series of hypotheses regarding different levels of similarity between the matrices is tested (from unrelated structure to equality).
The tests involve comparisons of the principal components (eigenvectors) as well as eigenvalues. The results obtained with the CPCrand software (Phillips, 1998) indicated that there was insufficient evidence for rejection of the hypothesis of equality of the genetic matrices in 121C and 241C (CPC1; P ¼ 0.35). There is therefore no discrepancy in the results obtained with the parametric test. It should be noted that the genetic component of variance for RILs is treated in CPCrand software as half of the among-RIL variance, which is different from the broad-sense genetic variance, which we utilized in RILs' means approach. Another factor that may have influenced the results is the power to detect differences in direction of matrix eigenvectors which is considered to be low for sample sizes that are commonly used in such studies (Mezey and Houle, 2003) .
We found different genetic correlations at different temperatures in C. elegans and we have been able to detect loci involved in the control of these correlations. We found evidence for possible pleiotropic or closely linked effects, which implies that these correlations have evolutionary significance. Whether these mapped loci also control correlations under field conditions in natural populations is hard to say because the experienced temperatures in soils are likely to be lower than 121C. However our results provide evidence for a dynamic genetic control of life-history correlates.
